Abstract: High-voltage light-emitting diodes (HV-LEDs) were prepared with 4 × 2 microcells. A novel technique for enhancing the light extraction of HV-LEDs by using wet-etched chamfer structures in the sidewalls of each cell is proposed. The thicknesses of the uGaN layers used were in the range of 3-7 µm. Simulations revealed that the light extraction of the HV-LEDs with chamfer structures would be enhanced by increasing the u-GaN thickness. The output power (@80 mA) of the HV-LEDs without chamfer structures was 538.0-539.1 mW. However, the output powers (@80 mA) of the HV-LEDs with chamfer structures and u-GaN thicknesses of 3, 5, and 7 µm were increased to 555.3, 573.1, and 561.6 mW, respectively. The 7 µm thick u-GaN layer led to an extremely large thickness of the HV-LED epitaxial structure, which caused difficulties during the wet etching process. Because of the apparent decrease in the wet etching rate of GaN, the damages to the epitaxial structures of the HV-LED with the 7 µm thick u-GaN was more obvious. Therefore, the device's light extraction was slightly reduced. The results confirm that chamfer structures are highly useful for improving the performance of HV-LEDs, especially for the u-GaN thickness of 5 µm.
Introduction
Nitride-Based semiconductors consisting of GaN, InGaN, or AlGaN have recently been effectively developed for use in short-wavelength light-emitting diodes (LEDs). Because of their excellent optoelectronic performance, these nitride-based LEDs have numerous potential applications including traffic signals, solid-state lighting, and back lighting in liquid crystal displays [1] - [3] . For these applications, high-power LEDs with a large chip size are required. However, a severe problem associated with large chips is efficiency droop, which is caused by poor current spreading when LEDs are operated at a high injection current [4] , [5] . To overcome this problem, multiple microLEDs on large-area chips have been designed. Self-rectified alternating-current LEDs were then presented that properly connected these micro-LEDs. However, using alternating-current LEDs leads to relatively low output power, equal to only half that generated from the active region. Favorably, this issue can be solved by fabricating series-connected micro-LEDs on a large-area chip. This technique ensures that a single LED connected with several microcells can be driven with a high voltage (>20 V) and a low direct current (<100 mA). Series-connected micro-LEDs are called high-voltage LEDs (HV-LEDs) [6] - [11] . In comparison to conventional LEDs, HV-LEDs possess a more favorable current-spreading effect, a relatively low injection current, a high forward-voltage operation, and a greater reliability under an identical output power.
Recently, to enhance the light extraction of single-chip LEDs, the etching processes to the sidewalls of LEDs were often used [12] - [15] . However, up to now, there is no research on the sidewall etching process applied for the HV-LEDs. In the current study, the light extraction of GaN-based HVLEDs was improved using a novel technique involving the preparation of chamfer structures in the sidewalls of the epitaxial structure of each microcell. The optoelectronic performance of HV-LEDs with and without chamfer structures was investigated in detail. Devices with different thicknesses of epitaxial structure were also studied by increasing the thickness of the undoped GaN (u-GaN) layer from 3 to 7 µm. For the chamfer structures in the HV-LEDs (with various u-GaN thicknesses), the angles of approximately 40°between GaN and sapphire were formed. These devices were fabricated for the measurements of optoelectronic performance.
Experimental Details
In this study, epitaxial structures of GaN-based LEDs were grown on triangle-shaped patterned sapphire substrates (PSSs) by using metalorganic chemical vapor deposition. To avoid the loss of light through the substrate, three pairs of TiO 2 /SiO 2 distributed Bragg reflectors were deposited on the underside of the sapphire substrate. The epitaxial structure deposited on the top of the substrate consisted of a u-GaN layer (3-7 µm), Si-doped n-type GaN layer (3 µm), InGaN/GaN multiple quantum wells (150 nm), and a Mg-doped p-type GaN layer (150 nm). The thicknesses used for the u-GaN layer were 3, 5, and 7 µm. Each microcell LED used for realizing the HV-LED had a size of 0.254 mm × 0.254 mm and was formed through standard photolithography and etching processes. The HV-LED was constructed by series-connecting, 4 × 2 microcells, and a SiO 2 layer was employed as a passivation layer to flatten the trenches between cell chips. Ti/Al/Ti/Au (thicknesses: 20/1500/20/200 nm) metal multilayer grown using e-beam evaporation served as the electrode and reflective mirror of the device. HV-LEDs were fabricated through the connection of eight cells that had 3, 5, or 7 µm thick u-GaN layers. Half of the fabricated devices had chamfer structures in the sidewalls of each cell. Thus, six types of HV-LED are presented in this paper. The HV-LED had a size of 0.5588 mm × 1.1176 mm.
The chamfer structures in the sidewalls of the epitaxial structure of each microcell were fabricated as illustrated in Fig. 1 . First, isolation etching by using an inductively coupled plasma-reactive ion etching (ICP-RIE) system was used to etch the epitaxial structures between cells until the triangleshaped PSS was exposed [ Fig. 1(a) ]. Next, a 2.5 µm thick SiO 2 layer was grown using plasmaenhanced chemical vapor deposition (PECVD), and this layer was employed as the etching stop layer for the sidewall etching of each cell [ Fig. 1(b) ]. The SiO 2 layer deposited at the bottom of the trench was then removed using ICP-RIE [ Fig. 1(c) ]. Subsequently, the residual u-GaN layer at the bottom of the trench was removed by soaking the LED chips in H 2 SO 4 :H 3 PO 4 (3:1) solution at 85°C. Chamfer structures were then fabricated in the sidewalls of the epitaxial structure of each cell [ Fig. 1(d) ]. Finally, the residual SiO 2 on the top and sidewall of the epitaxial structure was cleaned using ICP-RIE, and the LED cell with chamfer structures in the sidewalls was prepared [ Fig. 1(e) ].
For each device, we have prepared twenty samples to analyze the electrical characteristics and optoelectronic performance. In this study, the optoelectronic performance of HV-LEDs with and without chamfer structures in the sidewalls of each microcell was characterized. The cross-sectional morphology of the LED cells was determined using scanning electron microscopy (SEM). The light emission of the HV-LEDs was investigated using a near-field optical microscope (Spiricon, FX-50) combined with a charge-coupled device. The current-voltage (I-V) characteristics of the HV-LEDs were analyzed using a semiconductor parameter analyzer (Keithley 2400 sourcemeter), and the output power performance was measured using a calibrated integrating sphere. Trace-Pro software (commercial light-simulation software based on geometrical optics) was used to simulate the photon trajectories of LEDs.
Results and Discussion
Cross-sectional SEM images illustrate the differences in the device structure of HV-LEDs fabricated with and without chamfer structures in the microcell sidewalls (Fig. 2) . As mentioned, the SiO 2 layer grown using PECVD acted as the etching stop layer. Fig. 2(a) shows an SEM image of the SiO 2 layer deposited on the LED epitaxial structure. Subsequently, the SiO 2 layer at the bottom of the trench between cells was removed using dry etching, and the corresponding SEM image is presented in Fig. 2(b) . Through wet etching using 85°C-heated H 2 SO 4 :H 3 PO 4 solution, the chamfer structures were then formed in the sidewalls of the LED cells [ Fig. 2(c) ]. Fig. 2(d) depicts an SEM image of the structure of the HV-LED fabricated without chamfer structures.
The light extraction characteristics of the HV-LEDs were investigated by analyzing surface light emission through a near-field optical microscope. Fig. 3(a) -(c) and (d)-(f) present the surface light emission patterns (@20 mA) of the HV-LEDs without and with chamfer structures in the sidewalls of each cell, respectively. The near-field microscope was equipped with a video analyzer (Beam-View Analyzer, Coherent) connected to a computer. As illustrated in Fig. 3(a) -(c), the intensity of light emission around the trench region was lower than that around the center of each LED cell. This indicates that the light extraction through the trench of the HV-LEDs without chamfer structures in the cell sidewalls was weak, which could decrease their emission performance. As shown in Fig. 3(d)-(f) , the HV-LEDs prepared with chamfer structures in the cell sidewalls had saturated light extraction in the trench region. Therefore, the near-field optical measurements reveal that the light extraction of HV-LEDs can be improved efficiently by forming chamfer structures in the sidewalls of each cell.
The Trace-Pro simulation results are illustrated in Fig. 4 . Here, the Trace-Pro simulations were used to simulate the photon trajectories of microcells (not series-connected HV-LEDs). However, it can be predicted that the trend of simulation results for these microcells is similar to that for the HV-LEDs. In the simulations, 60-mW power (10,000 photons) was set to emit randomly from the multiple quantum well (MQW) active region. After performing the simulations on the microcells without chamfer structures in the cell sidewalls (u-GaN thickness: 3-7 µm), we found that the simulation results of these three microcells were the same to each other. This indicates that the simulation result of the microcell without chamfer structures is not affected by increasing the u-GaN thickness from 3 to 7 µm. Therefore, we have added only one figure to present the simulation results of the microcells without chamfer structures (u-GaN thickness: 3-7 µm), as shown in Fig. 4(a) . The numbers of output ray of the microcell without chamfer structures was 2993. Fig. 4(b) , -(d) present the simulation results for the microcells with chamfer structures in the cell sidewalls, where the u-GaN thicknesses in the cells were 3, 5, and 7 µm, respectively. The numbers of output rays of these three HV-LEDs were 3206, 3321, and 3393, respectively. In the simulations, the epilayer absorption and the effect of the silver cup in the epoxy lamp were not considered. Obviously, the chamfer structures formed in the sidewalls of the microcell is indeed helpful for enhancing its light extraction. Moreover, when the chamfer structures were prepared, the light extraction of LED could be improved by increasing the thickness of the u-GaN layer. of each cell, respectively. The injection current was increased from 0 to 80 mA. At injection currents of 20, 40, 60, and 80 mA, the forward voltages of the HV-LEDs without chamfer structures were determined to be 24.3, 26.1, 27.5, and 28.6 V, respectively [ Fig. 5(a) ]. When the injection current was increased similarly for the HV-LEDs with chamfer structures, the I-V characteristics were almost identical to those for the corresponding devices without chamfer structures [ Fig. 5(b) ]. This reveals that the I-V performance of HV-LEDs is not affected by the introduction of chamfer structures in the sidewalls of each cell. Furthermore, u-GaN thickness was discovered to have almost no effect on the output power of the HV-LEDs without chamfer structures in the cell sidewalls [ Fig. 5(a) ], which were measured to be 538.0-539.1 mW (@80 mA). The output power levels of the HV-LEDs with chamfer structures in the cell sidewalls were revealed to be higher compared with those of the HV-LEDs without chamfer structures. When the u-GaN thicknesses were fixed at 3, 5, and 7 µm, the output power levels (@80 mA) of the HV-LEDs with chamfer structures were 555.3, 573.1, and 561.6 mW, respectively. Beveled sapphire was fabricated to enhance the light extraction of conventional LEDs (not for HV-LEDs) [16] . The morphology of the LED cell fabricated with chamfer structures in the sidewalls was similar to that of the device prepared on beveled sapphire, thus confirming that they both enhance the light extraction of the device. On the other hand, there were several researches about the process of sidewall etching of GaN-based LEDs for improving the device performance [12] - [15] . However, these previous works all focused on the fabrication of single-cell LEDs (not HV-LEDs). Currently, in the LED industry where stable device fabrication processes are used, the output power of HV-LEDs is improved by approximately 4%-5% per year. The present study discovered that the enhancement in output power of HV-LEDs fabricated with the novel proposed method reached 6.5%.
Notably, the largest improvement in output power was observed in the HV-LED with the 5 µm thick u-GaN layer, not that with the 7 µm thick u-GaN layer; this does not agree with the simulation results (Fig. 4) . SEM was performed to explain this difference. Fig. 6(a)-(c) show the SEM images of the HV-LEDs with chamfer structures and u-GaN thicknesses of 3, 5, and 7 µm, respectively. In these three images, the wet etching durations were kept at 15 min. The chamfer structures in the sidewalls of the LED cells with the 3 and 5 µm thick u-GaN layers were more complete [ Fig. 6(a)  and (b) ]. When the 7 µm thick u-GaN layer was used, the full epitaxial structure was associated with an extremely large thickness of nearly 11 µm. This caused difficulties during the wet etching process, and the optimal chamfer structures are hard to form, as shown in Fig. 6(c) . Actually, as the u-GaN thickness was increased, the wet etching rate of GaN decreased gradually. This was attributed that more and more reaction products formed during the etching process, obstructing the etching channels and hindering the reaction between GaN and the etching solution. However, based on our observation, when the u-GaN thickness was increased to 7 µm, the decrement in the wet etching rate of GaN became much obvious and the prepared chamfer structures were nonobvious if the etching time was insufficient. It can be speculated that the u-GaN thickness of 7 µm in our HV-LED device is critical for the wet etching process. As shown in Fig. 6(a) and (b) , the chamfer structures were extended from u-GaN to p-GaN. In other words, there were slight damages to the epitaxial structures (MQW and p-GaN) of the HV-LEDs with the 3 and 5 µm thick u-GaN layers during the wet etching process. Nevertheless, due to the obvious decrement in the wet etching rate of GaN, the damages to the epitaxial structures of the HV-LED with the 7 µm thick u-GaN layer was more obvious, as marked by blue circles in Fig. 6(c) . This would lead to a slight reduction in the emitting area of this HV-LED. It should be noted that the optimal etching durations of these three HV-LEDs for optoelectronic measurements (Fig. 5) were approximately 18, 23, and 30 min, respectively. Although the optimal optoelectronic performance of the HV-LED with the 7 µm thick u-GaN can be achieved after wet etching for 30 min, the chamfer structure in this device is still not complete. Additionally, the reduction of the emitting area also occurred in this device. Therefore, the device with the 7 µm thick u-GaN layer did not demonstrate the highest improvement in output power when it had chamfer structures. Even though the incomplete chamfer structures and a slight reduction of emitting area occurred in the HV-LED with the 7 µm thick u-GaN layer after the wet etching process for 30 min, the light output performance was still better than that without the chamfer structures (Fig. 5) . This can confirm again that the chamfer structures indeed play an important role in enhancing the light extraction. In fact, because of the formation of chamfer structures, it can reduce the total internal reflection and more light rays can be easily emitted from the sidewalls. Extending the wet etching time (>30 min) during the fabrication of the HV-LED with the 7 µm thick u-GaN can obtain more complete chamfer structures, however, the problem of overetching would be engendered, resulting in the severer damages in the epilayers and the more reduction in the emitting area. Fig. 7 shows the schematics of HV-LEDs with various u-GaN thicknesses (3-7 µm) after wet etching for 15 min. For the device with the u-GaN thickness of either 3 or 5 µm, chamfer structures were more completely formed in the sidewalls of each LED cell [ Fig. 7(a) ]. However, when the u-GaN thickness was increased to 7 µm, the wet etching rate of GaN decreased obviously and the prepared chamfer structures were incomplete [ Fig. 7(b) ]. In these samples, the chamfer structures were all extended from u-GaN to p-GaN. However, because the wet etching rate of GaN in the HV-LED with the 7 µm thick u-GaN layer became much slow, the damages to the epitaxial structures of this sample were more apparent, causing the reduction in the emitting area.
Optical microscopy (OM) was also used to determine the morphology of the HV-LEDs prepared with chamfer structures in the sidewalls of each cell. Fig. 8(a) depicts an OM image of the HV-LED with the 5 µm thick u-GaN layer after wet etching for a suitable etching duration (23 min), demonstrating that almost no deformation was generated in the sidewalls of the microcells. Fig. 8(b) presents an OM image of the HV-LED with the 7 µm thick u-GaN layer and more complete chamfer structures that had been overetched (>30 min). Several severely damaged epitaxial structures could be observed in the cell sidewalls, which led to deformations, as marked by blue circles in the figure. This damage would cause a short-circuit current in the HV-LED, thus degrading the optoelectronic performance of this device.
Conclusions
This study presents GaN-based HV-LEDs connected with , 4 × 2 microcells. Introducing chamfer structures in the sidewalls of each cell efficiently improved the light extraction of the HV-LEDs. Trace-Pro simulation results reveal that the light extraction of the HV-LEDs with chamfer structures could be further enhanced if the u-GaN thickness was increased from 3 to 7 µm. The output power levels (@80 mA) of the HV-LEDs without chamfer structures (u-GaN thickness = 3-7 µm) were in the range of 538.0-539.1 mW. The output power levels (@80 mA) of the HV-LEDs with chamfer structures, however, were 555.3, 573.1, and 561.6 mW for the 3, 5, and 7 µm thick u-GaN layers, respectively. Thus, the HV-LED with the 5 µm thick u-GaN layer had the highest improvement in output power after the introduction of chamfer structures in the sidewalls of each cell. This disagreed with the simulation results, which predicted the optimal enhancement for the HV-LED with the 7 µm thick u-GaN layer. However, the wet etching rate was obviously decreased when the 7 µm thick u-GaN layer was used, which resulted in incomplete chamfer structures, the apparent damages to the epitaxial structure, and the reduction of emitting area. Consequently, the enhancement in light extraction of the HV-LED with the 7 µm thick u-GaN layer was slightly reduced. These results thus reveal that the formation of chamfer structures in the sidewalls of each cell can facilitate the process of enhancing the performance of HV-LEDs, particularly for an epitaxial structure with a 5 µm thick u-GaN layer.
